We present the Green Bank Telescope absorption survey of cold atomic hydrogen ( 300 K) in the inner halo of low-redshift galaxies. The survey aims to characterize the cold gas distribution and to address where condensation -the process where ionized gas accreted by galaxies condenses into cold gas within the disks of galaxies -occurs. Our sample consists of 16 galaxy-quasar pairs with impact parameters of ≤ 20 kpc. We detected an H I absorber associated with J0958+3222 (NGC 3067) and H I emission from six galaxies. We also found two Ca II absorption system in the archival SDSS data associated with galaxies J0958+3222 and J1228+3706, , although the sample was not selected based on the presence of metal lines. Our detection rate of H I absorbers with optical depths of ≥ 0.06 is ∼7%. We also find that cold H I phase ( 300 K) is 44(±18)% of the total atomic gas in the sightline probing J0958+3222. We find no correlation between the peak optical depth and impact parameter or stellar and H I radii normalized impact parameters, ρ/R 90 and ρ/R HI . We conclude that the process of condensation of inflowing gas into cold ( 300 K) H I occurs at the ρ << 20 kpc. However, the warmer phase of neutral gas (T ∼ 1000 K) can exists out to much larger distances as seen in emission maps. Therefore, the process of condensation of warm to cold H I is likely occurring in stages from ionized to warm H I in the inner halo and then to cold H I very close to the galaxy disk.
INTRODUCTION
Theoretical and observational evidence indicate that gas inflow is essential to the growth of galaxies. The observed star-formation histories and stellar population metallicities (e.g., the G-dwarf problem) require continuous accretion of low-metallicity gas into galaxies in the present epoch. Simulations by Birnboim & Dekel (2003) ; Kereš et al. (2005, and others) have shown how gas (10 4 K) may be accreted by galaxies via filamentary structures from the cosmic web. Hence, understanding the connection between cold atomic hydrogen (at ≈ 10 2 K) within the disks, the hot halo gas (at ≈ 10 6 K), and the cooler accreting gas (at T ≈ 10 4−5 K) is essential to our understanding of galaxy growth and evolution. On the observational front, cool gas traced by Lyman α absorbers has been ubiquitously detected in the circumgalactic medium (CGM) of galaxies. Werk et al. (2014) found that the total mass in the CGM can be as large as the stellar mass of a galaxy. The strength of the CGM absorbers increases as we probe closer to the galaxies (Lanzetta et al. 1995; Chen et al. 1998; Tripp et al. 1998; Chen et al. 2001; Bowen et al. 2002; Prochaska et al. 2011; Stocke et al. 2013; Tumlinson et al. 2013; Liang & Chen 2014; Borthakur et al. 2015 , and references therein), thus suggesting the possibility of an active condensation process in the inner regions of a galaxy halo. Recently, Curran et al. (2016) observed a similar inverse correlation between 21cm H I absorption strength and impact parameter by combining data from various H I absorption surveys. Furthermore, Borthakur et al. (COS-GASS survey 2015) found that the strength of the Lyman α absorbers in the CGM is strongly correlated with the amount of atomic hydrogen within the inner regions of the galaxies.
While there is growing observational indications that the inflowing/accreting gas eventually condenses into the H I disk, the details of the process of condensation has eluded us so far. There is very little direct observational evidence on how the cool accreting gas condenses into neutral H I and descends into the disks of galaxies. Part of the problem is that condensing cold (10 2−4 K) clouds are expected to have low column densities, which posses a serious limitation in detecting them around distant galaxies. Deep H I imaging studies of Milky Way shown the presence of extra-planar gas (Kalberla & Dedes 2008 ) that exists as filaments extending up to several kiloparsecs (Hartmann 1997) . The extraplanar gas amounts to 10% of the total H I in our galaxy (Kalberla & Dedes 2008) . Recently, there is growing evidence of the presence of extraplanar cold gas in a few nearby galaxies where H I imaging of the faint low column density gas is possible have shown the ubiquitous presence of extra-planar gas (Oosterloo et al. 2007; Heald et al. 2011, HALOGAS survey) . H I imaging of NGC 891 by Oosterloo et al. (2007) revealed a large extended gaseous halo that contain almost 30% of its total H I in the form of H I filaments extending up to 22 kpc vertically from the galactic disk. While the origin of such structures is not clear, possible origins include H I accreted via satellite galaxies and/or from the inter-galactic medium or condensation of hot halo gas into H I structures. Besides extraplanar gas, the halo of Milky Way contains high and intermediate velocity clouds (HVCs and IVCs respectively) with velocities deviating from the H I in the disk with a covering fraction of ∼ 37% at log N(HI)> 17.9 (Lehner et al. 2012) . Another population of low-mass H I clouds in the galactic halo with peak column densities of 10 19 cm −2 , and sizes of a few tens of parsecs exists in the Milky Way halo (Lockman 2002) . The existence of these extraplanar clouds in the Milky Way has been known for decades now, nevertheless their origin still remains controversial. One likely scenario is that these H I structures are tracing the gas transport route from the outer CGM (50-200 kpc) to the inner regions (5-10kpc) of a galaxy or vice-versa.
While the present-day instruments are able to achieve sufficient surface brightness sensitivity to detect these clouds in emission around nearby galaxies (e.g. 240 hrs of WSRT for NGC 891 to get N(HI) = 1 × 10 19 cm −2
with at a spatial resolution of 23.4 ′′ × 16.0 ′′ and spectral resolution of 8 km s −1 by Oosterloo et al. (2007) ), similar experiments for the more distant galaxies are extremely challenging. A solution to this problem is to conduct a statistical study using Quasar absorption line spectroscopy. HI associated with the galaxies may be probed via corresponding absorption features in the spectrum of background Quasars. There are two main advantages of this method -(1) it allows us to probe H I at column densities orders-of-magnitude lower than that in emission studies; and (2) the strength of detection does not depend on the redshift of the galaxy, thus making such a study unbiased for redshift related affects.
A large body of work over the past several decades have taken advantage of radio bright background sources to probe H I properties of foreground galaxies (Haschick & Burke 1975; Rubin et al. 1982; Haschick et al. 1983; Briggs & Wolfe 1983; Boisse et al. 1988; Corbelli & Schneider 1990; Carilli & van Gorkom 1992; Kanekar & Chengalur 2001; Kanekar et al. 2002; Hwang & Chiou 2004; Keeney et al. 2005; Borthakur et al. 2010; Gupta et al. 2010; Borthakur et al. 2011; Srianand et al. 2013; Gupta et al. 2013; Borthakur et al. 2014; Reeves et al. 2015; Zwaan et al. 2015; Dutta et al. 2016; Reeves et al. 2016; Curran et al. 2016 , and reference therein). Most of these studies targeted lower redshift galaxies as the galaxy redshift catalogs from which the sample were generated become increasingly sparse at higher redshifts. Some of these studies, such as by Gupta et al. (2010, G10 hereafter) and Borthakur et al. (2011, B11 hereafter) , have been surveys that have explored the covering fraction of cold H I in the halos of the foreground galaxies. G10 found the covering fraction of H I to be ∼50% within 15 kpc of any galaxies. B11 too found the same and concluded that covering fraction falls off rapidly with distance from the center of the galaxy. One caveat of these studies is the limited and somewhat biased samples. For a full census of cold gas around galaxies, one would require an unbiased sample as well as sensitive observations with high spatial and spectral resolution.
Here we present our study utilizing the highly sensitive data from the Robert C. Byrd Green Bank Telescope (GBT). Detailed descriptions of our sample, the GBT observations and data reduction are presented in Section 2. The results are presented in in Section 3 and their implications are discussed in Section 4. Finally, we summarize our findings in Section 5. The cosmological parameters used in this study are H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7.
OBSERVATIONS

Sample
In order to fill the void in our current understanding and to have an unbiased census of H I distribution around galaxies, we conducted the GBT observations of a complete radio selected sample of background Quasars from the VLA FIRST Survey and foreground galaxy pairs selected and Sloan Digital Sky Survey (SDSS). This survey aims to characterize the cold ( 300 K) neutral gas distribution within 20 kpc of the galaxies. Vast amount of ancillary data for the galaxies including photometry and spectra are already available from the SDSS. For example, galaxy properties like the star formation rates and orientation 2 are obtained from the SDSS and SDSS based catalogs. Multicolor SDSS images of the target galaxies are presented in Figure 1 .
The sample was assembled by cross correlating radio quasars from the VLA FIRST and SDSS based Quasar catalogs by Richards et al. (2009) with the 7th data release of the SDSS spectroscopic galaxy survey (Abazajian et al. 2009 ). This yielded a sample of 16 Quasar-galaxy pairs with background Quasar flux at 20 cm, S Quasar ≥ 100 mJy and impact parameter, ρ ≤ 20 kpc (see left panel of Figure 2 ). The sample also covers a wide range of orientations of the Quasar sightline with respect to the major axis of the galaxy (see right panel of Figure 2 ). The sample covers galaxies with luminosity ranging from 0.0001 to 1.5 L * within redshift range, 0.001 ≤ z ≤ 0.18. Details of the sample are presented in Table 1 . This is for the first time that a complete SDSS based sample has been selected for 21 cm study solely based on the 20 cm flux of the background Quasars and impact parameter to the foreground galaxy. A similar sample of southern galaxies was studied by Reeves et al. (2015 Reeves et al. ( , 2016 . Previous SDSS-based studies like G10 and B11 selected their sample based on either optical properties of the QSO. In fact, G10 and Gupta et al. (2012) also included sightlines that were known to exhibit Ca II and Na II absorbers. On the other hand, B11 used optically bright spectroscopically confirmed QSOs that have radio counterpart as their main criterion and had missed multiple radio bright sources that didn't have bright optical counterpart. Hence, our sample is unbiased in terms of the optical brightness of the background source or the presence of metal-lines. Our sample does include a few targets that have been observed before. For uniformity of the observations and data reduction, we reobserve them in the same setting as the remaining targets so that observational effects are minimized. Also it is worth noting that our sample do not probe H I in self-absorption associated with radio galaxies (unlike recent studies by Allison et al. 2014; Geréb et al. 2014 , and references therein), which may have very different ISM conditions (especially near the radio engine) than normal galaxies. Table 1 .
GBT Observations
We observed 16 Quasar-Galaxy pairs with the GBT in L-band for a total 34 hours under observing program GBT-14B-024 and GBT-15B-363. We used the dual polarization L-band system using backend VEGAS. We employed two intermediate frequencies (IFs) each with a total bandwidth 11.7 MHz spread over 32768 channels centered at 1420.405 GHz, 1667.358 GHz respectively. These corresponds to rest-frequency for H I 21 cm and OH maser lines. This setup provided us with a channel width of 0.35 kHz corresponding to 0.075 km s −1 .
We spent about 30 mins, 1 hr, and 4 hrs on-source for targets probed by background Quasar with flux at 1.4 GHz S 1.4GHz > 300 mJy (9 targets), 300 < S 1.4GHz < 200 mJy (2 targets), and 200 < S 1.4GHz < 100 mJy (5 targets), respectively. This allowed us to achieve limiting optical depth of τ 3σ ≤ 0.06 across the sample despite the order-of-magnitude variation in the flux of the background source. The limiting optical depth translates to a limiting column density (∆V = 1 kms −1 ) to N(HI)= 1.823 × 10 -Left: Impact parameter of the sightline to the foreground galaxy is plotted against the 20cm radio continuum flux of the background source for our sample of 16 galaxy-quasar pairs. The galaxies are marked with different color indicating the galaxy "color" (a proxy for the star-formation) and symbols indicating the orientation of the foreground galaxy with respect to the sightline. Right: The position of the sightline with respect to the major and minor axis of the foreground galaxy. The sightlines that probe face-on galaxies are plotted along the minor axis as filled circles.
background source. If T s = 100 K and f = 1, then N(HI) ∼ 3 × 10 18 cm −2 , which is more than 3 times more sensitive than that achieved for NGC 891 by Oosterloo et al. (2007) for a fraction of the observing time and with much higher spectral resolution.
The excellent sensitivity of the GBT makes it an ideal instrument to carry out observations of faint gas in absorption. The high spectral resolution provided by the GBT makes it possible to detect extremely cool components (T s ∼ 3 − 300 K) that might have line widths of less than a km s −1 . However, one disadvantage of the GBT is its large beam and as a result of which H I absorption may be filled in with H I emission from another region of the host galaxy. For our sample, we do not expect this to affect the sight lines where the Quasars are brighter than 200 mJy (or integration time for less than 1 hour). The spectra for these sightlines have significant low signal-to-noise (S/N) that hinders the detection of H I in emission. At the same time these sightlines should show larger depth of the 21 cm absorption feature (for the a fixed optical depth) due to the brightness of the background Quasar. Only for the sightlines where the background Quasars are faint and we integrate for 4 hrs have good S/N to detect 21 cm H I emission that might be filling in the weak absorption. In such cases, the GBT observations act as pilot observations and we plan to follow these targets with the Karl G. Jansky Very Large Array (VLA) that would allow us to probe these sightlines with high spatial resolution mitigating the effect of emission filling in possible absorption. We summarized the observational parameter in Table 2 .
Data Reduction
The data were analyzed using the interactive software package GBTIDL that was specifically designed for reduction and analysis of spectral line data obtained with the GBT. We obtained composite spectra by combining radio frequency interference (RFI)-free integrations using GBTIDL routines. The co-added spectra were fitted with a low-order polynomial (second or third order in most cases) for identifying the baseline. The good bandwidth stability of VEGAS has allowed us to fit a lower order polynomial, therefore, making our data sensitive to broad spectral features that may be associated with H I emission from the host galaxy. In addition we chose a large range in velocity to fit for the baseline and hence we expect to detect individual emission features that are narrower than ∼1500 km s −1 .
RESULTS AND IMPLICATIONS
3.1. Data: Overview We obtained science quality data for 15 of the 16 sightlines from our sample. Data for sightline towards J1228+3706 probing galaxy J1228+3706 at redshift of 0.1383 were severely corrupted by RFI. Therefore, we exclude this sightline from our analysis in this section. We detected one 21 cm H I absorption feature among those 15 sightlines where we had good data. Thus, our 21 cm H I absorption detection rate is about 7%. This is substantially lower than those previously published by G10, B11, Srianand et al. (2013) . However, our detection rate is consistent with the findings of Reeves et al. (2015, R15 hereafter) , who reported a detection rate of 4%. We discuss the possible reasons behind the discrepancy in the detection rates in the next section.
We detected H I in absorption towards sightline J0958+3224 probing foreground galaxy J0958+3222, also known as NGC 3067. This absorber was first discovered by Haschick & Burke (1975) and subsequently reobserved by Carilli & van Gorkom (1992) ; Keeney et al. (2005) . ing to a peak optical depth of 0.035. The peak depth drops to 41 mJy when the data is smoothed to 1 km s −1
. The optical depth(s) is consistent with that found by Keeney et al. (2005) near the core of the background source in the high spatial resolution data obtained with the Very Large Baseline Array (VLBA) with a spectral resolution of 1.7 km s −1 . It is worth pointing that our data represents the highest resolution spectra of this system and we would have detected sub-km s −1 substructures if there were any (at optical depths > 0.01 when binned to 1 km s −1 .) In most cold clouds the H I 21 cm hyperfine transition is the result of collisional excitation. Therefore, the temperature of the cloud is directly related to the width of the line. Baring no contribution from turbulence, the spin temperature, T s , should be the same as the kinetic temperature, T k , which in turn can be related to the full-width at half maximum (FWHM) of the absorption feature as
where ∆v is the FWHM velocity in km s −1 . Based on this relationship, we estimate the spin temperature, T s of the cold H I towards J0958+3224 to be 224 +73 −64 K. This should be considered the upper limit as the width of the line may have some contribution from turbulence, which would mean a lower spin temperature. Therefore, T s ≤ 224 K.
The column density of the H I can be estimated using the following equation (Rohlfs 1986) :
where τ (v) is the 21 cm optical depth of as a function of velocity in km s −1 and f is the covering fraction of the background source by the absorbing cloud. Assuming f = 1 and T s ≤ 224 K, the column density of the absorber is ≤ 4.4(±1.5) × 10 19 cm −2 . The error cited is the uncertainly in the estimation of the column density, however, since T s ≤ T k this estimate is a lower limit. Our spin temperature estimate is about 50% lower than that estimated by Keeney et al. (2005) based on the comparison of 21cm H I feature and Lyman α absorption associated with this system. Since Lyman α absorption traces the total neutral hydrogen and 21 cm H I absorption is most sensitive to the cold ( 300 K) component of the neutral hydrogen, the difference in the estimated spin temperature suggests that the cold gas to total neutral gas is 44(±18)%. Again, the estimate of the cold gas fraction assume that T s = T k . Therefore, if turbulence in the cloud has significant contribution to the line-width, then the cold gas fraction would be much smaller.
In the other 14 sightlines from our sample, we did not detect any absorption feature. The limiting optical depths corresponding to 3σ noise are presented in Table 2 . These were estimated by binning the raw spectra to 1 km s −1 from its original resolution, which is an order-of-magnitude higher. We also created a large suit of binned data at resolutions of 1, 3, and 5 km s −1 to look for weak and broad absorption features. However, we found none. Therefore, despite galaxies in our sample being probed at small impact parameters, we conclude that detection rate of 21 cm H I absorption is ∼7% for the entire sample. We discuss the implication of this finding and possible caveats in the next section.
We detected H I emission in 6 of the 15 galaxies. The H I spectra are presented in Figure 4 . Their H I masses range from 1.6 × 10 7 − 7.7 × 10 8 M ⊙ . Since the survey was not designed to detected H I in emission, the detectability limit for H I in emission varies widely from galaxy to galaxy. Therefore, the limits on the H I masses for the remaining galaxies varies widely from 0.01 − 23.72 × 10 8 M ⊙ . This is a result of varying S/N in the spectra as well as the large range in luminosity distances (corresponding to redshift 0.0013< z <0.1383). Based on the H I mass and the limits, we estimate the size of the H I disks, R HI , in these galaxies following the prescription by Swaters et al. (2002) . The sizes (radius of the disks) are presented in Table 2 . Only one of the sightlines is expected to probe the H I disk of the foreground galaxy. In most of the other, cases we are probing the regions associated with the extended H I disk and extraplanar gas of the target galaxies.
We present the optical depths observed for the sample as a function of impact parameter, ρ, in Figure 5 . -Spectra of the 6 galaxies where Hi was detected in emission. The spectra are shown in the rest-frame velocity units with zero corresponding to the SDSS optical redshift of the stellar body of the galaxy. The Hi masses associated with the galaxies are printed in the top right corner of the plots. The sensitivity of the data varies between the different spectra, which depend on the luminosity distance and the observing time.
The detection towards J0958+3224 is shown as the filled square. The color and the symbols indicate the color and orientation (face-on vs. edge on) of the host galaxies. The galaxy colors were defined using the empirical result from van den Bosch et al. (2008, equation A6) that uses SDSS g-r band k-corrected magnitudes to split the galaxy population into red passive galaxies and blue star-forming galaxies (see B11 for more details). For the smallest impact parameter sightline probing J1440+0531 at 4.6 kpc, we estimate a 3σ limiting peak optical depth of 0.063. This is close to the limiting values we chose while designing the program. However, for quarter of the sightlines our limits are less than half of this value. We also plot the H I column density, N(HI), as a function of impact parameter in the right panel of Figure 5 . The column densities in the case of non-detections were estimated assuming a Gaussian profile for the absorption feature with peak optical depth corresponding to the 3σ limit on the observed optical depth and a spin temperature of 300 K. The column densities range in the sub-damped Lyman α absorber (sub-DLAs ; defined by Péroux et al. (2001) as 1.6 × 10 17 cm −2 < N (H I) < 2 × 10 20 cm −2 ). Again, we do not see any correlation of column density with impact parameter. This is not surprising as the column densities were derived directly from the limiting optical depths.
This finding is inconsistent with the recent result by Curran et al. (2016) where they observed an inverse correlation of 21 cm H I strength and impact parameter. However, it is worth mentioning that there sample consisted of a "mixed" sample from various different surveys and some of the sightlines have been pre-selected due to existence of metal-line absorbers of DLAs. Another reason for our sample not showing any correlation could be the small range of impact parameters (ρ < 20 kpc) probed in by our sample unlike the sample studied by Curran et al. (2016) . The H I absorber detected in this sample lies at an impact parameter of 11.1 kpc, which is close to the average of the impact parameter range. However, it is worth noting that the sample is fairly heterogeneous in terms of galaxy properties. We have dwarf galaxies with stellar masses of 10 7 M ⊙ as well as L ⋆ galaxies of the order of 10 10 M ⊙ . So the impact parameter may not be the right quantity to express the scale for these galaxies spanning more than three orders-of-magnitude in stellar mass.
In order to find a suitable parameter to quantify the distance of the region probed by the sightline with respect to the disks of the galaxies, we defined normalized quantities. We chose the optical size (petrosian radius derived from the SDSS r-band image), R90, and the H I disk size, R HI as the normalizing parameters. The variation of optical depth as a function of the normalized impact parameter in terms of the optical size ρ/R 90 and H I size ρ/R HI are presented in Figure 6 . For galaxies where we did not detect H I in emission, we quote an upper limit for R HI and a lower limit for ρ/R HI . These are shown a right pointing arrow in the right panel of Figure 6 . Again, we do not find any correlation between the detection rates or strengths of 21 cm H I absorption and normalized impact parameter. Interestingly, the only detection in our sample does show a migration towards lower normalized parameter -both in terms of optical and H I sizes. Although we have another sightline with lower/similar normalized impact parameter that do not show any absorption. This may indicate that there might be a weak correlation between cold H I detected in H I 21 cm absorption and distance from its host galaxy, but with a large dispersion. We also do not find any dependence of optical depth with the orientation of the sightline with respect to the foreground galaxy.
3.2. Associated Metal-lines While our sample was not selected based on the optical properties of the background sources, some of them (12/16) do have SDSS spectra. Taking advantage of the existing spectra, we examined the range of wavelengths where associated Ca II absorption would be present, if any. We detected Ca II absorption features in sightlines towards J0958+3224 and J1228+3706. The normalized spectra showing the Ca II doublet detected towards the sightline J1228+3706 associated with foreground galaxy J1228+3714 at z = 0.1383 is presented in Figure 7 . The best-fits to the data are plotted in red. The lines are optically thin and exhibits a 2:1 ratio as expected for the doublet in the optically thin regime. We note that the low spectral resolution of the SDSS spectrum has resulted in spearing of the lines. Unfortunately the H I spectrum of this galaxy was severely corrupted by RFI and hence we could not make any measurements for 21 cm H I absorption.
For details on the Ca II absorber towards J0958+3224, we refer the reader to published work by Haschick & Burke (1975) ; Carilli & van Gorkom (1992) ; Keeney et al. (2005) .
DISCUSSION
Based on our previous understanding from studies by G10, and B11, we expected to detect 21cm absorbers in 50% of the galaxies in our sample. However, our detection rate is considerably smaller than that predicted by these studies. However, our detection rate is consistent with that measured by R15. The reason for the discrepancy among the conclusions between our survey and that of G10 and B11 surveys is not absolutely clear. One possible reason could be the unbiased nature of the sample. While the observational setup for our survey is almost identical to the survey by B11; unlike the B11 sample, our sample was not optically selected and the background radio sources included both optically bright and faint Quasi-stellar objects (QSOs).
Another possible cause for the low detection rate could be the large beam of the GBT (9.1 ′ at 20 cm). This can lead to H I absorption being filled-in my emission as in the case of UGC 7408 whose GBT spectrum did not show any absorption but its VLA D-configuration spectrum did show a narrow absorption feature (see B11 for details). This would be of concern in cases where we detect H I in emission -that is in the 6/15 galaxies. For the remaining 9 sightlines, the beam filling would be of minimal concern. Only if all of these 6 sightlines show H I absorption in high spatial resolution data (that we are planning to acquire) the detection rate would come to 40%, which would be close to that seen by G10 and B11. One the other hand, our detection rate is consistent with that of R15, which would suggest that the covering fraction of cold H I in the inner halo (ρ < 20 kpc) of galaxies is very low. The limiting values refer to 3σ optical depth that was estimated by integrating the noise over 1 km s −1 or ∼12-14 channels. Data for sightlines probing galaxy J1228+3706 were severely corrupted by RFI and hence no measurements could be made for this sightline. Right: Column densities are plotted as a function of impact parameter assuming a spin temperature of 300 K corresponding to a FWHM of ∼3.7 km s −1 and a covering fraction of 100%. For lower spin temperatures the column densities will be proportionally lower. The limiting values refer to 3σ optical depth that was estimated by integrating the noise over 1 km s −1 or ∼12-14 channels. Data for sightlines probing galaxy J1228+3706 were severely corrupted by RFI and hence no measurements could be made for this sightline. The left panel shows the optical depth as a function of impact parameter normalized by the optical size of the disk as defined by the SDSS r-band petrosian radius (R90). The right panel shows optical depth as a function of impact parameter normalized by the of Hi radius, ρ/R HI . Hi disk radius was estimate using the tight Hi mass to size relationship observed for galaxies. Here we use the prescription by Swaters et al. (2002) for the conversion.
Comparing this result to our own galaxy, we find our estimate of covering fraction of H I to be broadly consistent with that seen in the halo of the Milky Way. Wakker (1991, W91 hereafter) reported an H I covering fraction of 18% for HVCs with column density log N(HI)> 18.5. Although this value of covering fraction for the Milky Way is higher that what we measure in our survey (18% vs. 7%), the column density limit for the study by W91 is almost an order of magnitude lower. Hence, we expect that the value will drop if only higher column density regions are considered. On the other hand, W91 used Lyman α absorption to trace neutral hydrogen which is sensitive to both cold ( 300 K) and warm (∼1000 K) H I . This is not true for 21 cm H I absorption, which is most sensitive to the cold phase (T 300 K) of H I . The warm H I would produce a broad and shallow 21 cm feature that requires data with extremely high sensitivity and baseline stability to be able to detect it. So far none of the surveys have been able to achieve both of these criterion and hence were not able to probe to the warm component of H I . Consequently, we expect the covering fraction from 21 cm studies probing cold H I at column densities, log N(HI) 20.0, to be that of less than that of "total" H I at column densities log N(HI)> 18.5. Therefore, the process of condensation of inflowing gas into cold atomic gas in galaxies does seem to happen very close to the galaxy (at radii << 20 kpc), although the condensation to warmer H I (∼ 1000 K) might happen at larger distances. We also do not see any difference in the covering fraction between red and blue galaxies in the sample. However, many of the blue galaxies show H I in emission in their spectra and hence might be hiding 21 cm H I absorption features.
SUMMARY & IMPLICATIONS
One of the main phases of the baryon cycle in galaxies is the condensation of inflowing gas into cold ( 300 K) clouds that will eventually collapse to form stars. In order to investigate the process of condensation, we conducted the Green Bank Telescope survey to probe 21 cm H I in absorption in the inner halos of low-z galaxies. The sample was selected by cross-correlating the Quasars from the VLA FIRST Survey and galaxies from the Sloan Digital Sky Survey (SDSS) to find galaxy-quasar pairs. The quasar sightlines were chosen to probe the foreground galaxy at an impact parameter of ≤ 20 kpc. Furthermore, in an attempt to optimize the observing time, we selected sightlines with 20 cm radio fluxes of background sources greater than 100 mJy. This yielded 16 galaxy-quasar pairs probing galaxies with luminosities from 0.0001 to 1.5 L * in the redshift range 0.001 ≤ z ≤ 0.18.
We observed the sample with the Green bank Telescope in the L-band (20 cm) that resulted in obtaining good data for 15 of the 16 sightlines. We detected one H I absorber towards sightline J0958+3224 associated with foreground galaxy J0958+3222, also known as NGC 3067. We also detected H I in emission from six of the galaxies. We also analyzed the archival SDSS data for 12/16 of the background quasars, where optical spectra were available. We detected two Ca II absorbers associated with galaxies J0958+3222 and J1228+3706.
Based on our analysis we came to the following conclusions:
1. The covering fraction of cold H I ( 300 K) is ∼7% for neutral gas of column density 10 20 cm −2 in the inner halo (ρ <20 kpc) of galaxies. Our estimate is substantially different from that previously observed by G10 and B11 of 50%. However, it is consistent with the covering fraction of 4% that was reported by R15. This low covering fraction is also broadly consistent with the covering fraction of 18% for HVCs at column densities of log N(HI)> 18.5.
2. The most likely cause of the discrepancy in the covering fraction between B11 and our result is the nature of the sample. The observational setup and data reduction procedure was almost identical. While our sample was radio selected, the B11 sample (and so is the G10 sample) was selected based on the optical and radio properties of the background quasars.
3. We detected an H I absorber towards the sightline J0958+3224 probing foreground galaxy J0958+3222. This absorber was observed by multiple studies including Keeney et al. (2005) . Our observations are the highest spectral resolution observations of this system. The measured FWHM of the absorber was found to be 3.2(±0.5) km s −1 with a peak optical depth of 0.035. The optical depth is consistent with that found by Keeney et al. (2005) . Based on the FWHM, we estimate the spin temperature to be ≤ 224 K and a column density of ≤ 4.4 × 10 19 cm −2 . A comparison of our spin temperature estimate for the cold component of the H I in this system to that of the total H I as estimated by Keeney et al. (2005) suggests that the cold gas to total neutral gas is about 44(±18)%. 4. We do not find any correlation in optical depth or column density of 21 cm H I absorption with impact parameter for absorbers with optical depths of 0.06. Furthermore, no correlation was observed between optical depths and normalized impact parameters ρ/R 90 and ρ/R HI . 5. We also do not find any dependence of 21 cm H I optical depth with the orientation of the sightline with respect to the foreground galaxy.
6. We also searched for Ca II in the archival SDSS spectra that were available for 12/16 background quasars. Ca II absorption features were detected at the redshift of the target galaxies J0958+3222 and J1228+3706. The associated H I absorber for J0958+3222 was detected in 21 cm, no such measurements could be made for J1228+3706 as our spectral-line data for this sightline were severely corrupted by RFI.
Our characterization of the distribution of H I in the inner halos of galaxies indicates that the process of condensation of inflowing gas into cold H I does occur at the very inner regions of the galaxies. However, evidence from H I emission maps of the Milky Way and several other nearby galaxies suggest that the neutral gas in the halos might be existing mostly in the warm phase at temperatures of of-the-order of 1000 K. Further observations are required to precisely estimate the covering fraction of H I -especially for the galaxies exhibiting H I emission. We plan to carry out higher spatial resolution observations in the near future with the VLA. For future studies, we recommend sensitive observations with high spectral resolution of sub-km s −1 and high spatial resolution optimized to the size of the background source for maximizing the success of detecting cold gas in the inner halos of galaxies.
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